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We present a study of Er31 in Ca12xErxF21x thin films, epitaxially grown by thermal sublimation
of the solid solution on silicon and CaF2 substrates. Several techniques were used in the
characterization of the films, with the aim to interpret their physical properties. Extended x-rays
absorption fine structure as well as the electron spin resonance show that the films present fewer
clusters than Er31 diluted in the bulk CaF2, confirming previous optical studies. These results show
that the films are more convenient than the bulk materials to use in optical devices. ©1998


































When the Er31 ion (4f 11) is diluted in a solid, the optica
transitions between the4I 13/2 multiplet and the
4I 15/2 ground
state, emit photons with a wavelength of 1.53mm, which
corresponds to the minimum of attenuation in the silic
based optical fibers used in communications.1,2 This rare
earth is therefore particularly interesting from the point
view of its applications. Besides, the energy difference
tween the Er31 ground and the second excited multipl
(4I 11/2) is of the order of the energy of the photons emitt
by the common InGaAs laser diodes~980 nm!. It is then
clear that doped Er31 solids can be used as luminescen
converters.
The fluorine ions in crystalline CaF2 have the fcc struc-
ture, and under special conditions they grow epitaxially
silicon with the diamond fcc structure, their lattice para
eters differing by about 0.5%.3–5 The solubility of ErF3 in
CaF2 is very large, about 40% in moles of erbium.
6 Although
the lattice parameter of the diluted system is bigger than
of the silicon substrate and increases with the Er31 content,
epitaxial thin films of Ca12xErxF21x can be deposited on
silicon and CaF2 when the substrates are maintained at c
trolled and selected temperatures, as described below.7
As Er31 enters the CaF2 lattice substituting Ca
21, a
negative extra charge is necessary to compensate the mi
electron. This was studied in the past by several techniq
and it will help to understand the results obtained with o
films. Interstitial fluorines (FI
2) or O22 substituting lattice
F2 ions sometimes provide the compensating charge. Wr
et al.8–10 have published optical measurements in CaF2:Er
31
single crystals, showing that for very low erbium conten
a!Permanent address: Departamento de Quı´mica Inorgánica, Facultad de
Ciencias Universidad del Paı´s Vasco, Spain.













~about 0.01 mole %!, the luminescent centers are constitut
by isolated Er31– Fi
2 pairs in the host matrix. This resu
agrees with theoretical work of Corishet al.,11 which shows
that the compensating fluorine ion in these centers is pre
entially located in an interstitial nearest neighbor~nn! site of
C4v tetragonal symmetry~called A!. This configuration is
more stable than the next nearest neighbor~nnn! Fi
2 occu-
pancy of C3v trigonal symmetry~called site B!.
In a classical ESR paper, Ranon and Low12 studied
Er31:CaF2 single crystals. They found and analyzed fi
sites, all of them with Er31 substituting Ca21 in the lattice:
one cubic, two tetragonal, and two trigonal sites. Followi
their arguments, we can identify their first tetragonal s
with our A site, and their second trigonal site~more aniso-
tropic! with the Gi site mentioned above.
In this work we present extended x-rays absorption fi
structure~EXAFS! and electron spin resonance~ESR! stud-
ies at low temperatures of Ca12xErxF21x grown on silicon
and on CaF2 single crystals. The quality of our films wa
compared with that of films grown by the molecular bea
epitaxy method~MBE!13–15 by employing photolumines-
cence~PL! experiments. The local techniques~EXAFS and
EPR! made possible to study the concentration of the diff
ent Er31 ion environments, that controls the self-quenchi
and cross relaxation phenomena. To know the physicoche
cal properties of the samples at room temperature~RT!, they
were very carefully characterized by employing differe
techniques described below.
II. SAMPLE CHARACTERIZATION
Ca12xErxF21x thin films were obtained by thermal sub
limation of the solid solution powders in ultrahigh vacuum
The deposition velocity, controlled by a quartz piezoelect
balance, was 1 Å/s. Rutherford backscattering~RBS! and
particle induced x-ray emission~PIXE! studies for 0,x






















































3655J. Appl. Phys., Vol. 84, No. 7, 1 October 1998 Barrière et al.composition of the solid sources. Only small oxygen~much
less than 0.5%! content is revealed by secondary ion ma
spectrometry~SIMS! studies. Infrared absorption measur
ments indicate that there is no water in the samples.16
In the case of relatively low erbium concentrationsx
,0.06), reflection high energy electron diffractio
~RHEED! diagrams ‘‘in situ’’ show that for the~100! silicon
substrates the growth is of the three-dimensional type~3D!.
The surface exhibits~111!-oriented microfacets that mini
mize the surface energy. In the same conditions, but
~111! silicon substrates, this technique demonstrates tha
growth is two-dimensional~2D!. RBS studies in channeling
conditions confirm that these films are of epitaxial quali
However, when the concentration increases, the channe
efficiency is progressively attenuated. This could be cau
by the increase of the lattice parameter, or because of
presence of extra fluorine ions in interstices of the lattice
For the EPR studies, we also deposited Ca12xErxF21x on
CaF2 ~111! single crystals, withx varying from 0.01 to 0.1.
The range of substrate temperatures studied was betw
room temperature and 800 °C, and we were able to com
these films with those deposited on silicon substrates.
III. RESULTS AND DISCUSSION
Photoluminescence~PL!, performed with an argon lase
(l5488 nm) and cathode-luminescence~CL! studies at RT
show that all our films generate intense luminescence in
visible range, corresponding to the4S3/2→4I 15/2 ~green
light!, 4F9/2→4I 15/2 ~red light! and, in the infrared domain, to
the 4I 11/2→4I 15/2 ~980 nm! and 4I 13/2→4I 15/2 ~1.53 mm!
emission lines. These results are in good agreement
those published in the literature, and show that our films
comparable in quality with those grown by the MB
method.13–18
Figure 1~a! presents the luminescence of a Ca0.99
Er0.1F2.01 thin film when excited atT5100 K with a 15776
cm21 laser light. The intense green emission can be co
pared to that corresponding to single crystals, Figure 1~b!, as
measured at 4 K by Fennet al.10 for an erbium content of 0.1
mole %. The energies of the different emission lines in
films are exactly those produced by the A sites in sin
crystals as observed by Freethet al.19 The most intense lines
in Fig. 1~a! correspond to 537.5, 539.9 and 551.3 nm. T
lines, at the higher values of energy, correspond to the t
mal population at 100 K of the4S3/2 excited state. Thin films
PL present a single weak line, at 544.3 nm, which does
correspond to the A sites. We believe that it is generated
transitions between the4S3/2 and
4I 15/2 multiplets in sites of
C3v symmetry. These sites, named Gi sites by Cokroft
et al.,20 are associations of Er31, charge compensated b
O22. This assignment agrees with the SIMS analysis of
films, which shows small oxygen content in them~see
above!. We did not observe PL lines associated w
Er31–F2 pairs, in the 546–547 nm region, and above 5
nm, as reported by Fennet al.10 for single crystals, and at























The PL experiments suggest that forx,0.03, the Er31
ions in the films are mainly charge compensated by Fi
2 ions.
These extra fluorines are located in nn interstitial sites,
they are distant enough from each other so that the effec
their mutual interaction be negligible. To support this a
sumption, we performed EXAFS and ESR studies in
films.
The EXAFS experiments were performed at LURE,
the station EXAFS-III. The DCI synchrotron ring electron
are at 1.8 GeV, with a current of 200 mA. A silicon sing
crystal was used as monochromator. Details of the exp
ments, and data analysis are reported in Ref. 21. As EXA
is not a very sensitive technique, Ca12xErxF21x films spectra
could be obtained only forx>0.01.
Figures 2~a! and 2~b! present the experimental EXAF
spectra and their Fourier transform for a thin film
Ca0.97Er0.03F2.03. The simulated curves were calculated usi
the Michalowicz method,22 for isolated A sites. In this mode
calculation, the Er31 ions are surrounded by eight F2 neigh-
bors, at 2.252 Å, twelve Ca21 at 3.95 Å, and a compensatin
interstitial Fi
2 located at 2.900 Å~site A!. It can be seen tha
the computed curves fit the experimental data very well.
this case, the EXAFS studies do not allow the observation
any clusters of Er31–F2 pairs. This confirms that the isolate
pairs in A sites dominate in the layers for an erbium cont
close tox50.01.
Although EXAFS is a powerful technique to study th
environment of ions, it lacks sensibility for small Er31 con-
centrations. On the other hand, ESR is a powerful local te
nique to study low and very low concentrations of magne
FIG. 1. Green emission atT5100 K for: ~a! a thin film of Ca0.97Er0.03F2.03
and excitation of 15 576 cm21; ~b! 4S3/2→4I 15/2 fluorescence spectrum of a
CaF2Er









































3656 J. Appl. Phys., Vol. 84, No. 7, 1 October 1998 Barrière et al.ions in solids. With this technique, we studied Ca12x
ErxF21x , with x from 0.005 to 0.10, deposited on CaF2 ~111!
single crystals. This substrate was chosen because the
studies are usually performed at low temperatures, so
undesirable strains were avoided. We began the study
lyzing the influence of the preparation parameters, part
larly the substrate temperature (Ts), in the quality of the
crystallinity of the films and in the distribution of the Er31
ions in the CaF2 structure.
The ESR study was performed inX band, using a Bruker
ESP-300 spectrometer, between 4 K and room temperature
Angular variation of the magnetic field shows that the sp
tra obtained for films grown at low temperatures are isot
pic, and with the same site composition of the solid solut
powders, indicating that the epitaxy was not carried out.
the other hand, after thermal treatment at 800 °C for 24 h
taking a sufficiently high initialTs ~>800 °C!, the films pre-
sented an ESR spectrum principally formed by an isotro
line in g56.78, as can be seen in Fig. 3~a! for x50.01. This
line corresponds to theG7 Kramers’ doublet correspondin
to the cubic site of Er31 in CaF2, and it appears together wit
several anisotropic lines corresponding to C3v and C4v sites,
as demonstrated by their angular variations. The data w
analyzed using a simulation program especially develo
for the ESR analysis in our group. Using theg values ob-
tained by Ranon and Low12 for every site we were able to
FIG. 2. ~a! EXAFS and~b! Fourier transform spectra of a Ca0.97Er0.03F2.03
thin film. Curves in broken lines correspond to the experimental data.













identify the corresponding sites as the A and Gi sites defined
above. The temperature dependence of the lines, betwee
and 100 K, shows that the intensity of the cubic signal
laxes faster than the signal of the lower symmetry sites,
that it disappears at 60 K.
As with the other techniques, ESR does not reveal a
clustering process for the Er31– Fi
2 pairs whenx50.01. It is
only for very strong erbium doping~as shown in Fig. 3~b!,
for x50.10! that the ESR spectrum presents a broad li
characteristic to a predominance of cluster sites. The sp
trum is centered at the sameg value of the cubic signal, bu
superimposed to it. These results confirm that the fil
grown on CaF2 when the substrate is maintained at 800 °
are completely equivalent to those deposited on silicon~111!
surfaces.
All these experimental results allow us to conclude th
for the same Er31 concentration, there are fewer cluste
formed in the thin films than in the single crystals. This fa
can be explained by the deposition of the vapors, at relativ
low temperatures, which favors a homogeneous distribu
of the rare-earth ions.20 So it is possible to increase the num
ber of luminescent centers by increasing the Er31 content
while keeping low the self-quenching phenomena becaus
the reduced cluster formation. We believe that our method
preparation makes films that are more homogeneous
those grown by MBE.
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FIG. 3. ESR spectra of Ca12xErxF21x thin films with the magnetic field
perpendicular to the interface:~a! for x50.01. The isotropic line is the
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State Commun.94, 379 ~1995!.
14E. Daran, R. Legros, A. Mun˜oz-Yagüe, C. Fontaine, and L. E. Bausa,
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